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For free-ranging animals, field metabolic rate (FMR) is the sum of their energy
expenditure over a specified period. This quantity is a key component of
ecological processes at every biological level. We applied a phylogenetically
informed meta-analytical approach to identify the large-scale determinants
of FMR in seabirds during the breeding season. Using data from 64 studies
of energetics in 47 species, we created a model to estimate FMR for any sea-
bird population. We found that FMRwas positively influenced by bodymass
and colony latitude and that it increased throughout the breeding season
from incubation to brood to cre`che. FMRwas not impacted by colony-relative
predation pressure or species average brood size. Based on this model, we
present an app through which users can generate estimates of FMR for any
population of breeding seabird. We encourage the use of this app to comp-
lement behavioural studies and increase understanding of how energetic
demands influence the role of seabirds as driving components of marine
systems.1. Introduction
Metabolic energy requirements drive biological processes at every hierarchical
level of life. At the organismal level, field metabolic rate (FMR) is the total sum
of energy that a free-ranging animal metabolizes over a specified period of time.
Understanding the determinants of interspecific FMR helps us to quantify the
impact that free-ranging animals have on energy flows within the ecosystems
that they inhabit [1].
It has long been known that body size is a key determinant of FMR between
organisms of the same taxonomic class, accounting for around 95% of within-
class variation [1]. However, the magnitude of the remaining interspecific
variation in metabolic rate can be considerable and is determined by a
number of other physiological and ecological factors. For example, latitude
(which encompasses variation in air temperature, sea surface temperature,
productivity, day length and seasonality) positively influences FMR in small
mammals owing to cooler habitat temperatures and consequent increased ther-
moregulatory energetic costs [2]. Similarly, while energetic bottlenecks may
occur at different points throughout the annual cycle, birds often exert high
metabolic rates during the reproductive season owing to the increased energetic
costs associated with egg incubation and offspring provision [3–5]. More
recently, additional factors such as colony size and number of offspring have
been suggested as drivers of FMR within free-ranging animals such as
colonially breeding seabirds [6,7].
Studies on the metabolic rates of seabird species have increased dramati-
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yet threatened group [8]. To date, the majority of studies have
focused on the energetically demanding reproductive period
when seabirds are constrained to travel potentially large dis-
tances between the breeding colony and marine feeding
areas [9]. Despite the need to understand the metabolic
requirements of marine top-predators for conservation pur-
poses, the FMR of many seabird species and populations
remains unknown and the broad-scale determinants of
interspecific variation in seabird FMR are unclear.
Here, we applied a phylogenetically informed meta-
analytical approach to explore the large-scale determinants
of seabird FMRduring the breeding season, updating previous
studies on the correlates of seabird FMR [7]. In addition, we
present this model within a web-based app that can be used
to make estimates of FMR for seabird species and
populations where this has not previously been calculated.1902. Material and methods
(a) Data compilation
A systematic search of the peer-reviewed literaturewas conducted
betweenNovember 2016 and January 2018 inclusive, including all
records until this time. We used a combination of the following
keywords: ‘seabird*’, ‘energ*’, ‘field metabol*’ and ‘rate’ to
search the Web of Science and Google Scholar. Abstracts were
scanned for an indication that publications reported measure-
ments of energy expenditure and where appropriate the full
text was then consulted.
Values of FMR (n ¼ 98), calculated using doubly labelled
water or heart rate loggers or via the construction of time–
energy budgets, were obtained from 64 original studies on 47
species of seabird. Additionally, values of mean bird mass,
phase of breeding season (incubation, brood or cre`che), colony
name, latitude and number of breeding pairs at the colony
were recorded. When these data were not available within the
original studies, we contacted the authors or consulted further
literature to obtain them.
(b) Statistical analysis
Phylogenetic meta-analytic models to identify the large-scale
determinants of seabird FMR and to make predictions of FMR
were constructed in the R environment [10] using the
MCMCglmm package [11]. Models included combinations of
the following fixed effects: log-transformed mean bird mass,
species average brood size, phase of breeding season, colony lati-
tude and colony-relative predation pressure (the log-transformed
product of the number of breeding pairs and bird mass2/3). We
accounted for the potential non-independence of data due to
shared ancestry by including a phylogenetic random effect
alongside species and colony. To incorporate phylogeny we
used the Ericson backbone tree downloaded from http://bird-
tree.org/ [12]. The tree was pruned to only include 313 seabird
species (see electronic supplementary material, S1). Log-trans-
formed FMR was modelled as a Gaussian response variable
and parameter-expanding priors were used for the random
effects. The MCMC chains were run for a total of 260 000
iterations with a burn-in of 60 000 and thinning interval of 200.
The best model (that which incorporated the optimum
combination of fixed effects) was selected using the deviance
information criteria (DIC) [13]. Graphic diagnostics were used
to assess for autocorrelation, and jackknife analysis was used to
resample the data and check the resulting model (see electronic
supplementary material, figure S2). An estimate of phylogenetic
heritability (H2) was calculated to provide an index of theproportion of variance associated with the random effect of
phylogeny [14].3. Results
All models were within two DIC values and were, therefore,
considered to provide comparably good fits to the data (see
electronic supplementary material, table S3). All models
showed similar positive effects of bird mass and absolute
latitude on FMR in breeding seabirds (figure 1), with phase
of the breeding season also having an impact. Conversely,
models did not provide strong evidence to support that
species average brood size or colony-relative predation
pressure impacted FMR, and the phylogenetic heritability
was low (see electronic supplementary material, table S3).
While all models were competitive and suggested similar
results, the simplest model with the lowest DIC was con-
sidered the strongest (table 1). This model was incorporated
within the R shiny web framework [15] to create a web-
based utility and user interface through which to generate
estimates of seabird FMR. The app requires inputs of species,
bird mass, colony latitude and phase of breeding and returns
a daily FMR estimate alongside HPD confidence intervals,
based on the optimal model. The ‘Seabird FMR Calculator’
web app is available at https://ruthedunn.shinyapps.io/
seabird_fmr_calculator/.4. Discussion
This study uses the most comprehensive methods available to
provide the best and most up-to-date analyses of the large-
scale determinants of seabird FMR during the breeding
season. The results of our phylogenetically informed meta-
analyses indicate a lack of evidence of a phylogenetic signal
and, therefore, suggest that mean bird mass, absolute latitude
and phase of the breeding period are more influential
predictors of FMR in breeding seabirds than phylogeny.
We observed an increase in FMR across the breeding
season from incubation to brood to cre`che (figure 1).
Although incubation can be an energetically costly period
for seabirds, owing to its intrinsic costs and those of its
associated activities [4,16], some species-specific studies
have shown increased FMR later in the breeding season
owing to elevated basal metabolic rates and the energetic
costs associated with offspring provision [5,17]. Our findings
support these previous studies of energy expenditure in indi-
vidual populations of seabird and extend them to identify a
link between FMR and phase of the breeding period across
a range of seabird species.
While an organism’s mass is well known to influence its
energy expenditure, geographical relationships have been less
frequently explored across such a breadth of taxa. Our study
supports the hypothesis that in response to adverse environ-
mental conditions, seabirds breeding at high latitudes have
higher FMR (figure 1). These increased rates of energy expendi-
ture may be due to elevated metabolism and adjustments to
metabolic rhythms in response to cooler temperatures, longer
days, shorter breeding seasons and other climatic effects
associated with high latitudes [3,18,19].
It has been proposed that seabird colonies may be sur-
rounded by a ‘halo’ of depleted prey availability during the
breeding season owing to increased feeding activities in the
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Figure 1. Breeding seabird field metabolic rate (FMR) was modelled as a function of (a) bird mass and (b) latitude. The colours of the points and model fit lines
represent the stage of the breeding season, and the shape of the points corresponds with the family. Mass and FMR axes are displayed as a logarithmic scale.
Table 1. Results from the random-effects meta-analyses on the large-scale drivers of seabird ﬁeld metabolic rate during the breeding season.
effect posterior estimates lower 95% CI upper 95% CI pMCMC
intercept (brood) 0.92 0.62 1.21 ,0.001
breeding phase: incubation 20.071 20.12 20.025 0.002
breeding phase: cre`che 0.068 0.027 0.11 0.006
log bird mass 0.64 0.55 0.72 ,0.001
colony latitude 0.0048 0.0023 0.0073 0.002
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might be greatest around large colonies, and this might
require individuals at larger colonies to travel greater dis-
tances to forage [22]. While Ade´lie penguins nesting in
larger colonies, therefore, travel further to access prey
resources, expending more energy in order to do so [6], our
cross-species analyses did not find general support for this
hypothesis. Instead, we found that neither colony-relative
predation pressure nor species average brood size influenced
estimates of breeding seabird FMR. This lack of a distinguish-
able relationship may be due to the fact that the ‘halo’
argument has previously only been validated regionally,
whereas our analyses include data that encompass a vast
range of marine habitats and consequentially a high variance
of prey availability. Furthermore, while brood size might
influence intraspecific FMR [23,24], at the species-level FMR
is set by life-history trade-offs for which the animal will
have reallocated its energetic resources [25]. Alternatively,
our results might suggest a common optimal rate of FMR
across taxonomic groups [26], given the internal demands
of chick rearing and the external influence of latitude.We use our model to present a user-friendly web-based
app (the ‘Seabird FMR Calculator’). This app uses data on
bird mass, colony latitude and phase of the breeding
period, to calculate estimates and confidence intervals of
FMR for any seabird population. Such estimates of FMR are
essential when inferring the food consumption of popu-
lations of seabirds across multiple temporal scales [8] and
also when parametrizing mechanistic models to make ener-
getic predictions in a climate change context (e.g. [27]). We,
therefore, envisage that outputs from the ‘Seabird FMR
Calculator’ can be encompassed within future studies in
order to increase understanding of the energetic demands
of these top predators, their role within the wider marine eco-
system and how this might be influenced by climatic change.
The creation of this app is particularly timely owing to the
competition pressures that seabirds, key driving components
of marine systems, face from anthropogenic activities such as
the depletion of marine stocks by global fisheries [28].
The conservation of seabird populations is, therefore, of
vital importance and we encourage that the ‘Seabird FMR




 on June 30, 2018http://rsbl.royalsocietypublishing.org/Downloaded from efforts. In addition, we advocate the ‘Seabird FMR Calcula-
tor’ as a prototype for the development of similar apps
that, in turn, can be used to make estimations of FMR for a
wider range of taxa for which this information is available
(e.g. marine mammals, marsupials, passerines and lizards
[29]).
Ethics. This study made use of previously published data.
Data accessibility. Meta-analysis data and phylogeny used are publicly
hosted on figshare. The data are accessible at http://dx.doi.org/10.
6084/m9.figshare.4765906 [30] and the phylogeny is accessible at
http://dx.doi.org/10.6084/m9.figshare.5972692 [31].
Authors’ contributions. R.E.D. participated in the study design, data
collection, analyses and writing of the manuscript; J.A.G. conceivedthe study, participated in data analysis and helped draft the manu-
script; C.R.W. participated in the design of the study and provided
essential guidance with the analyses. All authors contributed criti-
cally to the drafts, gave final approval for publication and agree to
be held accountable for the content herein.
Competing interests. We declare we have no competing interests.
Funding. R.E.D. is supported by a NERC PhD studentship. C.R.W. is
supported by the Australian Research Council (project nos
FT130101493, DP180103925).
Acknowledgements. We would like to thank all of those involved with
collecting the data included within this article, particularly Patrick
Jodice, Alexander Kitaysky and Manfed Enstipp, who provided
additional unpublished data. We also thank two anonymous
reviewers for helpful comments on an earlier draft.ett.14:201References 801901. Nagy KA. 2005 Field metabolic rate and body size.
J. Exp. Biol. 208, 1621–1625. (doi:10.1242/jeb.
01553)
2. Speakman JR. 1999 The cost of living: field
metabolic rates of small mammals. Adv. Ecol.
Res. 30, 177–297. (doi:10.1016/S0065-
2504(08)60019-7)
3. Bryant DM. 1997 Energy expenditure in wild birds.
Proc. Nutr. Soc. 56, 1025–1039. (doi:10.1079/
PNS19970107)
4. Shoji A, Elliott KH, Aris-Brosou S, Wilson RP, Gaston
AJ. 2015 Predictors of incubation costs in seabirds:
an evolutionary perspective. Ibis 157, 44–53.
(doi:10.1111/ibi.12219)
5. Green JA, Aitken-Simpson EJ, White CR, Bunce A,
Butler PJ, Frappell PB. 2013 An increase in
minimum metabolic rate and not activity explains
field metabolic rate changes in a breeding seabird.
J. Exp. Biol. 216, 1726–1735. (doi:10.1242/jeb.
085092)
6. Ballance LT, Ainley DG, Ballard G, Barton K. 2009 An
energetic correlate between colony size and
foraging effort in seabirds, an example of the Ade´lie
penguin Pygoscelis adeliae. J. Avian Biol. 40,
279–288. (doi:10.1111/j.1600-048X.2008.04538.x)
7. Ellis HI, Gabrielsen GW. 2002 Energetics of
free-ranging seabirds. In Biology of marine birds
(eds GC Whittow, H Rahn), pp. 359–408. Boston,
MA: Springer.
8. Brooke MDL. 2004 The food consumption of the
world’s seabirds. Proc. R. Soc. Lond. B 271,
S246–S248. (doi:10.1098/rsbl.2003.0153)
9. Burke CM, Montevecchi WA. 2009 The foraging
decisions of a central place foraging seabird in
response to fluctuations in local prey conditions.
J. Zool. 278, 354–361. (doi:10.1111/j.1469-7998.
2009.00584.x)
10. R Core Team. 2016 R: a language and environment
for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing. http://www.
R-project.org (accessed 13 May 2018).11. Hadfield J. 2017 MCMC methods for multi-response
generalized linear mixed models: the MCMCglmm R
package. J. Stat. Softw. 33, 20692. (doi:10.18637/
jss.v033.i02)
12. Jetz W, Thomas GH, Joy JB, Hartmann K, Mooers
AO. 2012 The global diversity of birds in space and
time. Nature 491, 444–448. (doi:10.1038/
nature11631)
13. Spiegelhalter DJ, Best NG, Carlin BP, Van Der Linde
A. 2002 Bayesian measures of model complexity
and fit. J. R. Stat. Soc. B Stat. Methodol. 64,
583–616. (doi:10.1111/1467-9868.00353)
14. Hadfield JD, Nakagawa S. 2010 General quantitative
genetic methods for comparative biology:
phylogenies, taxonomies and multi-trait models for
continuous and categorical characters. J. Evol. Biol.
23, 494–508. (doi:10.1111/j.1420-9101.2009.
01915.x)
15. Chang W, Cheng J, Allaire J, Xie Y, McPherson J. 2015
shiny: Web application framework for R. http://cran.r-
project.org/package=shiny (accessed 13 May 2018).
16. Thomson DL, Furness RW, Monaghan P. 1998
Field metabolic rates of kittiwakes Rissa tridactyla
during incubation and chick rearing. Ardea 86,
169–175.
17. Gre´millet D, Schmid D, Culik B. 1995 Energy
requirements of breeding great cormorants
Phalacrocorax carbo sinensis. Mar. Ecol. Prog. Ser.
121, 1–9. (doi:10.3354/meps121001)
18. Bryant DM, Furness RW. 1987 Basal metabolic rates
of North Atlantic seabirds. Ibis 137, 219–226.
(doi:10.1111/j.1474-919X.1995.tb03242.x)
19. Costa DP. 1991 Reproductive and foraging
energetics of pinnipeds: implications for life history
patterns. Am. Zool. 31, 111–130. (doi:10.1007/
978-94-011-3100-1_6)
20. Ashmole NP. 1963 The regulation of numbers of
tropical ocean birds. Ibis 103b, 458–473. (doi:10.
1111/j.1474-919X.1963.tb06766.x)
21. Birt VL, Birt TP, Goulet D, Cairns DK, Montevecchi
WA. 1987 Ashmole’s halo: direct evidence for preydepletion by a seabird. Mar. Ecol. Prog. Ser. 40,
205–208. (doi:10.3354/meps040205)
22. Wakefield ED et al. 2013 Space partitioning without
territoriality in gannets. Science 341, 68–70.
(doi:10.1126/science.1236077)
23. Welcker J, Speakman JR, Elliott KH, Hatch SA,
Kitaysky AS. 2014 Resting and daily energy
expenditures during reproduction are adjusted in
opposite directions in free-living birds. Funct. Ecol.
29, 205–258. (doi:10.1111/1365-2435.12321)
24. Fyhn M, Gabrielsen GW, Nordøy ES, Moe B,
Langseth I, Bech C. 2001 Individual variation in field
metabolic rate of kittiwakes (Rissa tridactyla) during
the chick-rearing period. Physiol. Biochem. Zool. 74,
343–355. (doi:10.1086/320419)
25. Partridge L, Harvey PH. 1988 The ecological context
of life history evolution. Science 241, 1449–1455.
(doi:10.1126/science.241.4872.1449)
26. Drent R, Daan S. 1980 The prudent parent:
energetic adjustments in avian breeding. Ardea 68,
225–252. (doi:10.5253/arde.v68.p225)
27. Ame´lineau F, Fort J, Mathewson PD, Speirs DC,
Courbin N, Perret S, Porter WP, Wilson RJ, Gre´millet
D. 2018 Energyscapes and prey fields shape a North
Atlantic seabird wintering hotspot under climate
change. R. Soc. open sci. 5, 171883. (doi:10.1098/
rsos.171883)
28. Cury PM et al. 2011 Global seabird response to
forage fish depletion—one-third for the birds.
Science 334, 1703–1705. (doi:10.1126/science.
1183640)
29. Nagy KA, Girard IA, Brown TK. 1999 Energetics of
free ranging mammals, reptiles, and birds. Annu.
Rev. Nutr. 19, 247–277. (doi:10.1146/annurev.nutr.
19.1.247)
30. Dunn RE, White CR, Green JA. 2018 A model to
estimate seabird field metabolic rates: data.
Figshare. (doi:10.6084/m9.figshare.4765906.v7)
31. Dunn RE, White CR, Green JA. 2018 A model to
estimate seabird field metabolic rates: phylogeny.
Figshare. (doi:10.6084/m9.figshare.5972692.v2)
